Purpose-Gentamicin is a widely employed antibiotic, but may reduce calcium uptake by eukaryotic cells. This study was conducted to determine whether gentamicin reduces calcification by porcine aortic valvular interstitial cells (pAVICs) grown in 2D culture, which is a common model for calcific aortic valve disease (CAVD).
INTRODUCTION
The use of antibiotics can cause unintended side effects that alter cellular behavior. One such antibiotic whose side effects have warranted investigation is gentamicin, an aminoglycoside antibiotic that is widely used in vitro to prevent cell and tissue culture contamination. 1 Numerous in vitro studies have shown, however, that gentamicin can affect lipid levels and calcium uptake in cells. [2] [3] [4] [5] [6] For example, both porcine kidney epithelial and rabbit proximal tubular cells treated with gentamicin showed dose-dependent increases in the content of phospholipids, 2, 3 which aid in initiation and regulation of calcium hydroxyapatite formation in normal and pathological mineralization. 7, 8 Gentamicin has also been shown to reduce mitochondrial calcium uptake, block calcium channels, or otherwise compete with calcium binding dose-dependently in kidney and liver cells, 4,9 nerve terminals 5 and cardiac and vascular tissue. 6 Thus, if gentamicin is used as an antimicrobial agent in studies in which the mechanisms of calcification are being investigated, the results may be inadvertently influenced by the gentamicin.
One such area that is garnering attention regarding the mechanisms of calcification is calcific aortic valve disease (CAVD). CAVD is a degenerative disease with a prevalence of 2-3% in persons over the age of 75 years, 10 and is the second most common indication for cardiac surgery. 11 CAVD was originally believed to be due to passive accumulation of hydroxyapatite mineral in thickened, sclerotic valves, but recent evidence indicates an active cellular process in calcific remodeling. 12 Though the identification of potential therapies has been hampered by a limited number of animal models that faithfully replicate the key histological features of CAVD, 13 numerous studies have employed in vitro 2-D culture of valvular interstitial cells (VICs) to generate "calcific" nodules that stain positively for lipids, calcium, and phosphate. 14 These in vitro nodules demonstrate certain constituents found in human calcified valves, including alkaline phosphatase, osteopontin, bone morphogenetic protein 2, and matrix Gla protein. 14, 15 Indeed, analysis of nodules produced by aortic VICs cultured with pathological stimuli, such as cholesterol or angiotensin peptides, has delineated several aspects of the complex mechanism underlying CAVD development. 11, 14 Additional in vitro studies investigating other regulatory pathways associated with CAVD have demonstrated the influence of RhoA and Rho kinase, Wnt/LRP5, Notch1, and a multitude of additional pathways on nodule formation by porcine VICs. [16] [17] [18] Although this 2D cell culture model is simplistic, 14 the analysis of in vitro nodule formation has proven to be a useful tool in the study of the mechanisms of CAVD.
Although it does not appear that gentamicin has been previously employed in investigations of CAVD in vitro, the reported effects of gentamicin on calcium uptake in other cell types offer a compelling motivation to examine its effects on VIC cultures, especially in studies of mineralization. The nephrotoxicity and ototoxicity associated with gentamicin may limit its clinical use. 19, 20 Nonetheless, investigating the effect of gentamicin on VICs would complement the growing interest in the role of mitochondrial calcium uptake on the progression of CAVD, especially regarding altered oxidative stress and the production of superoxides, 21, 22 which recruit inflammatory cells and likely contribute to extracellular matrix remodeling and calcification. 23 Thus, the development of a therapeutic solution that targets mitochondrial calcium uptake could potentially curb the progression of CAVD.
Therefore, the purpose of this research was to assess the effect of gentamicin on the formation of calcific nodules by porcine aortic VICs (pAVICs) in vitro. Calcification was evaluated by staining for calcium and phosphate, the primary constituents of mineralized valvular calcium deposits, as well as by quantifying the enzyme alkaline phosphatase, which can cause the release of inorganic phosphate. 24 Alkaline phosphatase plays a key role in the formation of the bone-like mineralization found in CAVD and the genes regulating alkaline phosphatase production are among the first expressed in the process of calcification. 24, 25 Two different studies were performed. First, to investigate the ability of gentamicin to prevent calcification, pAVICs were grown in gentamicin concentrations ranging from 0 mM to 0.2 mM; the standard working concentration is 0.1 mM according to manufacturer's instructions. Second, to investigate the ability to halt or reverse calcification, calcified pAVIC cultures were generated and then treated with gentamicin during varied time periods.
METHODS

Cell Isolation and Culture
Porcine hearts from healthy 6-month-old pigs were obtained from a local commercial abattoir (Fisher Ham and Meats, Spring Cypress, TX). Valves from multiple hearts were pooled together (between 2 and 5 hearts per cell harvest) and used to isolate pAVICs according to a two-step collagenase digestion as previously described. 26 The isolation of primary cells was performed on at least two different occasions. pAVICs were passaged twice (P2) before experimentation.
Effects of Gentamicin on Cellular Mineralization, Proliferation, and Apoptosis
To determine the effects of gentamicin on the production of calcific nodules by pAVICs, P2 cells were plated in 24-well or 48-well plates at a density of 50,000 cells/cm 2 To determine whether gentamicin affects pAVIC proliferation, a repeat of the 8 day gentamicin concentration study was performed. On day 8, cell number in each well was determined via the Methylthiazol Tetrazolium (MTT) assay. A 50 μL volume of MTT (5 mg/ml in dI H 2 O, Sigma-Aldrich, Saint Louis, MO) was added directly to 500 μL of 1% BGS media in each well of a 24-well plate and incubated at 37°C for 4 hours. The media and MTT reagent were removed, and 500 μL of 0.1N HCl in anhydrous isopropanol was then added. 100 μL of the solution was transferred to a 96-well plate. MTT content was determined by measuring absorbance at 570 and 690 nm and subtracting the latter from the former (Spectramax M2, Molecular Devices, Sunnyvale, CA).
To determine whether gentamicin affects pAVIC apoptosis, which can contribute to calcific nodule formation by valve cells, 27 another repeat of the 8 day gentamicin study was performed. To assess the content of two effector caspases involved in the regulation of apoptosis, 28 caspases 3 and 7, the Caspase-Glo 3/7 Assay Kit (Promega, Madison, WI) was used according to manufacturer's instructions. Caspase content was normalized to DNA content, which was measured using the Quant-iT Picogreen dsDNA Kit (Invitrogen, Eugene, OR). On day 8, cells were lifted with 0.25% trypsin-EDTA (Mediatech) at 37°C for 5 minutes, pelleted and resuspended in 1 mL of 10% BGS media. Volumes of 100 μL of the resuspended cells were mixed with 100 μL of Caspase-Glo reagent containing picogreen (the picogreen reagent was added directly to the Caspase-Glo reagent at a ratio of 1:200) in wells of a 96-well plate and incubated at room temperature for 30 minutes. After incubation, the content of caspases 3 and 7 was determined by measuring luminescence (Spectramax M2). Next, the wells were incubated for an additional 30 minutes at room temperature and DNA content was measured by exciting the samples at 480 nm and measuring emissions at 520 nm (Spectramax M2).
Effects of Gentamicin on Previously Calcified Cell Cultures
To test the ability of gentamicin to reverse or stop calcification, a 16 day study was conducted. P2 pAVICs were plated as described above and cultured for 8 days in DMEM:F12 (1% ABAM, 1% BGS) containing 10 mM β-glycerophosphate (SigmaAldrich), with changes of medium every other day. β-glycerophosphate is a substrate for alkaline phosphate, 29 which has been associated with CAVD progression, 30 and has been shown to accelerate calcific nodule formation in cultures of bovine vascular smooth muscle cells. 29, 31 Here, β-glycerophosphate was added to generate strongly calcified pAVIC cultures as a starting point for the second half of the study. Starting on day 8, the β-glycerophosphate treatment was discontinued and gentamicin (0.2 mM) was added in different application patterns, with daily changes of medium (Table I) . These different application patterns consisted of treatments for either 0, 1, 4, or 8 days. The single (1) treatment was on day 8. There were 3 versions of the 4 day gentamicin treatments: one day on -one day off (pattern performed 4 times), two days on -two days off (pattern performed twice), or four days on -four days off (performed one time).
Calcium Detection
At the conclusion of the study (day 8 or day 16), the pAVIC cultures were fixed with 10% formalin (500 μL per well) and cells were stored overnight at 4°C. The formalin was removed the next day and each well was washed twice with phosphate buffered saline (PBS, pH 7.4). The calcium content of each well was assessed by adding 500 μL of 40 mM Alizarin Red S (ARS, MP Biomedicals, Solon, OH, pH 4.1-4.3) and gently agitating for 30 minutes on a reciprocal shaker (Lab-Line Instruments, Melrose Park, IL) at 125 oscillations/ min. Excess stain was then removed by washing twice with PBS. All of the formed calcific nodules in each well were counted and imaged using an inverted microscope (DMIL, Leica Microsystems Inc., Buffalo Grove, IL) and 10X images of nodules were captured using a charge coupled device (CCD) camera (DFC 320, Leica). To assess calcium content histologically, the areas of the calcific nodules were measured from the images using outlining and measuring tools in ImageJ (NIH, Bethesda, MD). Total calcified area was calculated by summing the areas of nodules for each well.
Phosphate and Alkaline Phosphatase Detection
In preparation for measurements of phosphate, the pAVIC cultures on the final study days were fixed with 10% formalin and stored overnight as described above. The formalin was removed the next day and each well was washed twice with 500 μL of ddH 2 O. The phosphate content was demonstrated by the von Kossa stain. A 500 μL volume of silver nitrate solution (Sigma, 1% in ddH 2 O) was added to each well of the 24-well plate, which was then exposed to UV light (100W, UVP, LLC, Upland, CA) for 30 minutes. After removing the silver nitrate solution, the cells were washed with ddH 2 O, and then incubated with 500 μL of sodium thiosulfate solution (Fisher Scientific, Fairlawn, NJ; 5% in ddH 2 O) for 5 min at room temperature to stop the reaction. The sodium thiosulfate solution was removed and each well was washed twice with ddH 2 O. Phosphate content was quantitatively assessed using the same nodule measurements described for the Alizarin Red S.
To assess alkaline phosphatase content, the SensoLyte FDP Alkaline Phosphatase Assay Kit (Anaspec Inc., Freemont, CA) was used according to manufacturer's instructions. On the final study days, the cell extract of each well in a 48-well plate was prepared by first removing the media and then adding 100 μL of 0.2% Triton X-100 to each well. The extract from each well was then placed in a microcentrifuge tube and centrifuged for 10 min at 2500g. 50 μL of the 100 μL supernatant was removed and placed in a 96-well plate and 50 μL of 3,6-fluorescein diphosphate was added to each well and incubated for 30 min at 37° C. The amount of alkaline phosphatase was determined by exciting the samples at 485 nm and measuring the emissions at 528 nm.
Statistics
Each experiment was performed in two biological replicates, each with a sample size of 5 wells per gentamicin concentration or application pattern. Data were presented as mean ± standard deviation of the combined 10 sample wells. Statistical comparisons among nodule number, nodule size, total calcified area, alkaline phosphatase, cell proliferation and cell apoptosis (caspases 3 and 7) were obtained using one-way ANOVA followed by Tukey post-hoc tests using the statistical analysis software JMP (SAS, Cary, NC). The level of significance was set at α = 0.05.
RESULTS
Effects of Gentamicin on Cellular Mineralization
For the ARS assay, there was a significant reduction in the number of nodules, although a significant increase in the average size per nodule (representative nodules shown in Fig. 1a-b) , with every increasing concentration of gentamicin. The overall decrease in nodule number and increase in nodule size from the control group to the 0.2 mM gentamicin group was 49% and 57%, respectively (Fig. 2a-b) . The total calcified area was significantly reduced with every increase in gentamicin concentration except the 0.1 and 0.2 mM groups, resulting in 21% less calcified area at the highest gentamicin concentration of 0.2 mM (Fig.  2c) .
Similar to the ARS assay, the von Kossa staining showed a significant decrease in nodule number and a significant increase in nodule size at every increasing concentration of gentamicin (data not shown; representative nodules shown in Fig. 1c-d) . The overall decrease in nodule number and increase in nodule size from the control group to the 0.2 mM gentamicin group was 47% and 51%, respectively. The total calcified area also decreased with gentamicin concentration, with the 0.2 mM gentamicin group having 20% less calcified area than the control group (Fig. 3a) . The same pattern was shown by the alkaline phosphatase assay, with the 0.2 mM gentamicin group having 49% less alkaline phosphatase compared to control (Fig. 3b) . For both von Kossa total calcified area and the alkaline phosphatase assay, all gentamicin concentration groups were significantly different from each other except for the 0 and 0.01 mM gentamicin groups.
Effect of Gentamicin of Cellular Proliferation and Apoptosis
There was a significant increase in cell number for the 0.05, 0.1, and 0.2 mM gentamicin groups compared to control (p < 0.05), with a 45% increase in cell number for the 0.2 mM gentamicin group compared to control (Fig. 4a) . Similarly, there was a significant increase in the content of caspases 3 and 7 for the 0.1 mM and 0.2 mM gentamicin groups, with a 70% increase in caspase content in the 0.2 mM gentamicin group compared to control (Fig.  4b) .
Effects of Gentamicin on Previously Calcified Cell Cultures
There were two control groups for this experiment. The first control was the initial control group, which had been previously calcified by β-glycerophosphate treatment for 8 days. In addition, a final control 16 day group was included, in which the samples were allowed to calcify endogenously, without β-glycerophosphate or gentamicin, for an additional 8 days. By all measures, the final control group was significantly more calcified than the initial control group (Fig. 5-6 ).
The ARS assay showed that treatment every day with gentamicin reduced the number of nodules and total calcified area compared to the 16 day control. Interestingly, treatment every day reduced the total calcified area and nodule number to 27% and 31%, respectively, less than the initial 8-day control (Fig. 5a-b) . Treatment for only one day, in contrast, reduced nodule number below the final 16 day control but there was no difference in total calcified area between one day and the final 16 day control. The groups in which gentamicin was added for 4 days total (in different application patterns) were not significantly different from each other but all had lower nodule number and total calcified area compared to the final 16 day control values. The two groups that had gentamicin applied for 2 consecutive days both had fewer nodules than in the initial 8 day control. There was no effect of treatment pattern on average nodule size.
von Kossa staining showed results that were comparable to ARS (Fig. 6a-b) . All gentamicin application patterns resulted in reduced nodule number and total calcified area compared to the 16 day control. Furthermore, gentamicin treatment every day reduced these values below the 8 day initial control (reduced 26% for nodule number and 32% for total calcified area). As with ARS, there was no significant difference between groups for nodule size. The values for nodule number and total calcified area in the every day gentamicin group were significantly lower than for all other groups (p < 0.05).
With respect to alkaline phosphatase, all treatments of 4 or 8 days total showed less content than the 16 day final control, and the content in the every day treatment group was lower than all 4 day groups (Fig. 6c) . The every day treatment was not statistically different from the 8 day initial control.
DISCUSSION
This study showed that gentamicin has the ability not only to reduce calcification in twodimensional pAVIC cultures but also reduce the calcification in cultures with pre-existing nodules. More specifically, it was observed that total calcification and alkaline phosphatase significantly decreased in a manner dependent upon the dose or frequency of application. There was also a significant increase in cell proliferation and apoptosis at the highest gentamicin concentrations. This work was the first to demonstrate the effects of gentamicin in valvular interstitial cell cultures. Based on research with other cell types, the ability of gentamicin to reduce calcification may be due to interference with Ca 2+ uptake pathways, such as the calcium uniporter (MCU) on the mitochondrial inner membrane and the calcium channels and superficial binding sites on the plasma membrane. Because the application of gentamicin was also found to reduce calcification below pre-existing levels, calcium efflux pathways may have also been involved.
Our results from the 8 day study, showing that there was an overall reduction in the total amount of calcification in the pAVIC cultures treated with gentamicin, are consistent with published reports of reduced calcium uptake in similarly treated cultures of renal epithelial, myocardial, smooth muscle, and neural cells. 2, [4] [5] [6] Dystrophic calcification is characterized by increased calcium uptake in response to cellular injury; thus, reduction of calcium uptake could possibly curb the progression of pathological calcification. 32, 33 For example, mitochondrial calcium uptake decreased by 20% and 40% for rat renal cortical cells cultured in media containing 0.025 and 0.25 mM gentamicin, respectively. 4 The effect of aminoglycosides, such as gentamicin, on mitochondrial calcium uptake appears to be celltype dependent; gentamicin was shown to induce Ca 2+ accumulation in rat liver mitochondria at concentrations below 500 μM, but reduced Ca 2+ accumulation at higher concentrations. 9 In a study of porcine kidney cells treated with 1 mM gentamicin for 4 days, cell-associated Ca 2+ content and Ca 2+ uptake were reduced by approximately 30% and 20%, respectively. 2 In an organ culture study, cultured guinea pig inner ear tissue treated with 0.5 mM gentamicin had 30% and 20% lower amounts of bound calcium in the Organ of Corti and Stria Vascularis, respectively. 34 Likewise, rat brush-border membrane cells prepared from homogenized renal cortex showed 70% and 80% reductions in calcium uptake when they were treated with 0.1 mM and 1 mM gentamicin, respectively. 35 Other aminoglycoside antibiotics, such as neomycin, have also been shown to inhibit calcium uptake levels by vascular and neural cells. 36, 37 Alkaline phosphatase has also been reported to be affected by gentamicin treatment in various cell types. In one study, alkaline phosphatase production by human mesenchymal stem cells cultured in media containing gentamicin decreased in a dose-dependent manner. 38 Alkaline phosphatase was similarly significantly reduced in cultures of human fetal osteoblast cells treated with 25 μg/ml (0.05 mM) gentamicin 39 and mouse myoblast C2C12 cells cultured for 48 hours with gentamicin in concentrations of 12.5-800 μg/ml (0.025-1.6 mM). 40 The minimum dose of gentamicin required to affect calcification does appear to depend on the cell type; we found alkaline phosphatase to be significantly decreased in pAVIC cultures treated with gentamicin at concentrations greater than 25 μg/mL (0.05 mM), whereas another study of human osteoblastlike cells found that a significant decrease in alkaline phosphatase required treatment with gentamicin in concentrations of at least 100 μg/mL (0.2 mM). 41 However, those cells were only exposed to gentamicin for 4 days as opposed to 8 days in our study.
One mechanism through which gentamicin may inhibit uptake of calcium is through the mitochondrial calcium uniporter. Both gentamicin and magnesium are capable of inhibiting calcium uptake through the MCU, although not necessarily in a competitive manner. 4, 42 It is thought that gentamicin interferes with calcium uptake through the MCU in a manner similar to the inhibitory action of ruthenium red, an inorganic dye. Although ruthenium red does not directly bind to the calcium binding site, it inhibits mitochondrial calcium uptake by binding both to a region of high anionic density on the cytosolic side of the MCU and to adjacent negatively charged phospholipids. 43 The binding of ruthenium red to these sites promote conformational changes in the MCU that modify the calcium activation site in such a way that the uptake cannot be activated. In the future, it will be important to assess calcium content in the mitochondria of valvular interstitial cells since this content is likely to play a key role in the development of pathological calcification. Dystrophic calcification, the primary form of calcification found in CAVD, first occurs due to increased influx of calcium into the mitochondria, which leads to the accumulation of calcium salt deposits that eventually spread throughout the cell. 32, 33 Additionally, increased mitochondrial Ca 2+ content, which has been linked to CAVD, leads to mitochondrial oxidative stress, causing increased production of reactive oxidative species (ROS). 44 ROS such as hydrogen peroxide have been shown to accumulate in calcifying valve segments and promote the differentiation of vascular cells into vascular osteoblast-like cells, resulting in hydroxyapatite mineral formation. Furthermore, hydrogen peroxide is a pro-inflammatory secondary messenger responsible for the recruitment of inflammatory cells, the predominant cell type in early aortic valve lesions. 23, 45 These cells release cytokines that contribute to extracellular matrix formation, remodeling, and local calcification. 23 Thus, a means of preventing or reducing the influx of calcium into the mitochondria, usually caused by cell injury, could potentially curb the progression of dystrophic calcification.
Gentamicin has also been shown to reduce Ca 2+ uptake into the cell by reducing the ability of cells to store and accumulate Ca 2+ . It is believed that aminoglycosides associate with anionic binding sites localized in membrane lipoproteins, resulting in the displacement of Ca 2+ from superficial membrane sites that reduce the amount of Ca 2+ available for transmembrane influx. 46 Aminoglycosides also compete with Ca 2+ for Ca 2+ binding sites thought to be located at the outer orifice of Ca 2+ channels. 6 In addition, it has been demonstrated that aminoglycoside antibiotics can block stretch-receptor channels by reducing Ca 2+ influx into muscle cells. A similar blockage of stretch-receptor channels in gentamicin-treated VICs would have a detrimental impact since mechanical stimulation is so essential to VIC function. 47 Indeed, aminoglycoside antibiotics were shown to prevent mechanotransduction in murine outer hair cells, both by blocking the mechano-electrical transducer channels and by entering the cells through these channels. 48, 49 On the other hand, gentamicin is an agonist of the calcium-sensing receptor (CaSR), a G-protein coupled receptor that senses extracellular calcium concentration. Aminoglycoside-induced CaSR activation can result in increased intracellular Ca 2+ accumulation and mobilization, 50, 51 although it has been shown for human aortic endothelial cells exposed to high extracellular Ca 2+ that increased Na + /Ca 2+ exchanger activity will counteract elevations in intracellular Ca 2+ associated with CaSR activation, thus masking any bulk cytosolic response. 52 In the second study, we found that daily gentamicin treatment of previously calcified cultures reduced calcification below the starting level. This finding suggests the involvement of mechanisms for calcium removal, as opposed to merely having reduced calcium uptake. Indeed, other studies have provided evidence for a role for gentamicin in calcium efflux; the application of gentamicin to rabbit aortic strips results in an increased rate of Ca 2+ efflux. 46, 53 Cellular and mitochondrial calcium efflux is governed by Na + -dependent and Na + -independent mechanisms. 54 Treatment with ruthenium red results in a slow but complete release of mitochondrial Ca 2+ , predominantly through the Na + /Ca 2+ antiporter; 55 this antiporter is also thought to offset changes in cellular calcium content outside the mitochondria. In future studies, it will be of interest to evaluate the regulation of cytosolic and mitochondrial calcium uptake and efflux in investigations of valvular cell calcification.
The dose-dependent effects of gentamicin on nodule size and cell density, observed in the first study, may be due to the reported effects of gentamicin on cell proliferation and apoptosis, although these effects appear to be cell-type-specific. For example, cell number was significantly increased in human skin fibroblasts treated with 100 μg/mL gentamicin, 56 although concentrations less than 100 μg/ml did not affect the growth rate of human mesenchymal stem cells. 57 Schwartz et al. have proposed that gentamicin promotes cell proliferation by reducing lipid degradation, resulting in an excess of lipids. 2 For example, porcine kidney epithelial cells treated for 4 days with 2 mM gentamicin had 240% greater content of phosphatidylcholine, a phospholipid constituent of cell membranes with key roles in cell replication 58 and the mitogenic signaling of endothelial growth factor and other growth factors via production of 1,2-diacylglycerol. 59 Furthermore, mesangial cells cultured in 10 −5 M gentamicin media exhibited not only increased proliferation but also simultaneously increased apoptosis. 60 This effect may be due in part to the agonist activity of gentamicin towards the CaSR, as this can upregulate the extracellular regulated protein kinase (ERK), Akt, and p38 MAPK pathways, and thus also impact cell proliferation and apoptosis. 51 Given that apoptosis of valvular interstitial cells is reported to be an early event in calcific nodule development in vitro, and that nodule formation and calcification can be decoupled, 27 gentamicin-induced apoptotic pAVICs likely contributed to the dosedependent increase in nodule size observed in the first study, even though the overall amount of calcification was reduced by gentamicin.
Although analysis of nodules formed from 2-D cell cultures is widely used as a model of cell-mediated calcification, 14 this approach may be limited in its replication of in vivo cellular activity. Another study limitation was that during the gentamicin application period of the second study, the media was changed daily instead of every other day as in the first study and in the first 8 days of the second study. Although this frequency of medium change would not affect the results of groups cultured for all 16 days, it complicates a direct comparison between the two studies. The method of generating the calcific nodules (endogenous vs. β-glycerophosphate) also differed between the two studies. Nonetheless, the effects of gentamicin treatment were consistent between studies in depending upon either concentration or frequency of application.
In conclusion, this study of the effects of gentamicin on pAVIC calcific nodule formation in vitro has suggested novel directions, namely the regulation of cellular calcium uptake and efflux, for future investigations of the mechanisms of CAVD. Moreover, it is evident that gentamicin should be used very cautiously in in vitro studies of calcification. Given the toxic effects of gentamicin and related aminoglycoside antibiotics on kidney function and hearing, 19, 20 treatment with gentamicin is far from an ideal solution to CAVD. Admittedly, there are reports that the toxicity of gentamicin can be mitigated by supplements such as fish oil and olive oil 61 or free radical scavengers such as caffeic acid phenethyl ester. 62 At the present time, however, it seems that a more promising outcome of this line of research would be to develop a better understanding of the mechanism by which gentamicin reverses calcification in order to generate new treatments for this challenging and prevalent valve disease. Representative calcific nodules stained with Alizarin Red S (A, B) or Von Kossa (C, D). The cultures in images A and C were not treated with gentamicin whereas the cultures in images B and D were treated with 0.2 mM gentamicin for 8 days (Scale bar is 100 μm) Use of the Alizarin Red S stain showed that gentamicin concentration dose-dependently reduced nodule number (A), increased nodule size (B), and reduced the total calcified area (C). Groups not connected by same letter are significantly different (p<0.05) Use of the von Kossa stain showed that gentamicin dose-dependently reduced the total calcified area (A) and alkaline phosphatase content (B) of the pAVIC cultures. Groups not connected by same letter are significantly different (p<0.05) Use of MTT assay and Caspase 3/7 assay showed that gentamicin dose-dependently increased cellular number (A) and apoptosis (B). Groups not connected by same letter are significantly different (p<0.05) The application of gentamicin to previously calcified pAVIC cultures reduced the number of calcium-containing nodules (A) and the total calcified area (B), as demonstrated by Alizarin Red S, depending upon the frequency of treatments. Groups not connected by same letter are significantly different The application of gentamicin to previously calcified pAVIC cultures reduced the number of phosphate-containing nodules (A) and the total phosphate nodule area (B), as demonstrated by von Kossa, as well as the content of alkaline phosphatase (C), depending upon the frequency of treatments. Groups not connected by same letter are significantly different 
